Aims/hypothesis Obesity and fatty liver are commonly associated with type 2 diabetes, but the genetic and functional bases linking fatty liver with obesity and diabetes are largely unknown. Our aim was to investigate the association of fatty liver with obesity and other diabetes-related phenotypes and to define the genetic control of obesity and fatty liver. Materials and methods We established 306 F2 mice by crossing Nagoya-Shibata-Yasuda (NSY) mice, an animal model of type 2 diabetes, with control C3H mice, and analysed their phenotypes. Whole-genome screening of F2 mice was performed to identify the loci responsible for fatty liver and obesity. Results A strong association of fatty liver with obesity, hyperinsulinaemia and hyperglycaemia was observed in F2 mice. Using whole-genome screening in 306 F2 mice, we mapped a new locus for fatty liver (Fl1n) on chromosome 6 (maximum logarithm of odds score [MLS] 10.0) and one for body weight (Bw1n) on chromosome 7 (MLS 5.1). Fl1n was linked to epididymal fat weight as well as fatty liver, but its effects were opposite in the two tissues in that the NSY allele increased liver fat but decreased epididymal fat, suggesting a role of Fl1n in partitioning of fat mass. The sequence of peroxisome proliferator-activated receptor γ (Pparg), a candidate for Fl1n, showed allelic variation between NSY and C3H mice. Conclusions/interpretation These data suggest that fatty liver and obesity are phenotypically related but genetically independent. Loci homologous to Fl1n and Bw1n are good candidate genes for susceptibility to fatty liver and obesity in humans.
diabetes mellitus, obesity and insulin resistance are often associated with type 2 diabetes. In addition, fatty liver is also commonly associated with type 2 diabetes [1] [2] [3] . Increasing evidence has suggested that fatty liver is associated with obesity, insulin resistance and hyperinsulinaemia [4] [5] [6] . Despite the frequent association of fatty liver with obesity, insulin resistance and diabetes mellitus, which are common characteristics of the metabolic syndrome, the genetic basis and functional mechanisms linking fatty liver with other components of the metabolic syndrome are largely unknown. Since type 2 diabetes in humans is a heterogeneous disorder, studies using genetically and phenotypically homogeneous animal models of diabetes are necessary to elucidate the mechanisms of this disease [7, 8] . Animal models of fatty liver, as observed in the human metabolic syndrome, however, are limited.
The Nagoya-Shibata-Yasuda (NSY) mouse strain is an inbred animal model of spontaneous type 2 diabetes [9] [10] [11] . The clinical characteristics of NSY mice resemble common forms of type 2 diabetes in humans [12] , with an agedependent onset, mild obesity, insulin resistance, and impaired insulin secretion in response to glucose [12] [13] [14] . In addition, NSY mice spontaneously develop fatty liver in an age-dependent manner [15] . Type 2 diabetes in the NSY mouse is under polygenic control, with three major quantitative trait loci (QTLs) (Nidd1n, Nidd2n, Nidd3n) on mouse chromosome (Chr) 11, Chr14 and Chr6, respectively, contributing to hyperglycaemia and diabetesrelated phenotypes [16] . The genetic loci responsible for fatty liver and obesity, however, have not yet been identified. In this study, we investigated the association of fatty liver with other diabetes-related phenotypes in the F2 cross, and performed whole-genome screening to map loci responsible for fatty liver and obesity.
Materials and methods
Animals NSY [12] and C3H/He (originally purchased from Charles River Laboratories, Kanagawa, Japan) mice were maintained in the animal facilities of Osaka University Graduate School of Medicine. F2 mice were produced by crossing male NSY mice with female C3H/He mice, as previously reported [16] . This study conformed to the guidelines for the care and use of laboratory animals of Osaka University Graduate School of Medicine.
Study design Body weight was measured every 4 weeks from 4 to 52 weeks of age. Glucose tolerance was studied in 306 male F2 mice, using an intraperitoneal glucose tolerance test (2 g glucose/kg body weight) after an overnight fast, at 12, 24, 36 and 48 weeks of age. The area under the glucose concentration curve was calculated according to the trapezoid rule. Blood glucose level was measured directly by the glucose oxidase method using Glutest E (Kyoto Daiichi Kagaku, Kyoto, Japan). Plasma insulin level was measured by RIA, as described previously [12] .
All the male F2 mice were dissected under anaesthesia by intraperitoneal administration of pentobarbital at 52 weeks of age, and the liver and epididymal fat pads were immediately removed and fixed in formalin. At this time, the liver was inspected to assess the degree of fatty liver, and classified into four macroscopic grades: 1 (absent), 2 (mild), 3 (moderate) and 4 (severe). To confirm that the macroscopic grade of fatty liver assigned was appropriate, five samples of each macroscopic grade were randomly selected and subjected to blinded histological examination. Liver sections stained with Sudan III were examined using a fluorescence microscope with a picture analysis software program, IPLab Spectrum (Scanalytics, Rockville, MD, USA), and the proportion of the area stained with Sudan III was estimated in three fields for each sample.
Genotyping Genomic DNA, extracted from mouse liver using a standard phenol-chloroform method, was used as a template for the PCR. Genotypes were determined using 4% agarose gels or a fluorescence-based method [17] . A total of 109 microsatellite markers were used to cover the whole genome (average interval, 13.1 cM) [electronic supplementary material (ESM) Table 1 ].
Candidate gene sequencing Seven pairs of primers were designed to cover all seven exons and exon-intron junctions of the peroxisome proliferator-activated receptor γ gene (Pparg). Genomic DNA of NSY and C3H mice was amplified by PCR with these primers, and the PCR products were purified using a QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). The refined products were subjected to direct sequencing using an ABI Prism BigDye Terminator v3.1 Cycle Sequencing Kit with an ABI 3100 sequencer (Applied Biosystems, Foster City, CA, USA).
Statistical analysis All data are presented as mean±SD or mean±SEM. The statistical significance of differences was estimated using unpaired Student's t test and ANOVA, calculated with Statview software (SAS Institute, Cary, NC, USA). QTL analysis, permutation tests and analysis of pairwise interaction of QTLs were performed using Map Manager QTXb20 (http://www.mapmanager.org, last accessed in April 2007). Macroscopic grade was used as the phenotype. We calculated the threshold logarithm of odds (LOD) values for significant or suggestive linkage on the basis of the permutation test.
Results
Association of fatty liver with obesity and diabetes-related phenotypes Figure 1 shows the longitudinal changes in body weight in F2 mice from 4 to 52 weeks of age. F2 mice with fatty liver (grade 2-4, n=130) had a significantly greater body weight than those without fatty liver (grade 1, n=176) at all ages. Moreover, mice with fatty liver had higher blood glucose levels after fasting (p<0.0001) and at all time points after glucose challenge (30, 60, 90 and 120 min) (p<0.0001 for all components), and a greater area under the glucose level curve (p<0.0001; Table 1 ). Plasma insulin level in mice with fatty liver was 2.5 times higher than that in those without fatty liver (p<0.0001). These data indicate that fatty liver is phenotypically well correlated with diabetes-related phenotypes, i.e. obesity, insulin resistance and hyperglycaemia. The only exception was epididymal fat pad weight. Despite the strong association of fatty liver with abnormalities in all metabolic phenotypes described above (Table 1) , epididymal fat pad weight was not greater, but was significantly lower in F2 mice with fatty liver than in those without fatty liver (p<0.0005).
Mapping of QTLs for body weight Whole-genome mapping of 306 F2 mice identified three QTLs linked to body weight on Chr7, Chr10 and Chr15 (Fig. 2) . A locus on Chr7 exhibited significant linkage with body weight, with MLS of 5.1 at 12 weeks of age (Fig. 2a) , and the locus was designated Bw1n (body weight 1 in NSY). Bw1n accounted for 7% of the phenotypic trait variance. Linkage was observed in the mid-portion of Chr7 between the markers D7Mit81 and D7Mit238, with a wide peak. Despite the significant linkage with body weight, Bw1n on Chr7 was not linked to blood glucose or plasma insulin level. Suggestive evidence of linkage was observed for Chr10 and Chr15. Linkage was shown on Chr10, near the marker D10Mit164 (MLS, 3.4 at 12 weeks of age; Fig. 2b ), and on Chr15 near the marker D15Mit113 (MLS, 2.8 at 24 weeks of age; Fig. 2c ). Permutation testing showed that the threshold LOD values for suggestive QTLs for body weight were 2.1 for all age points studied, and those for significant QTLs were 3.5, 3.5, 3.4 and 3.5 at 12, 24, 36 and 48 weeks of age, respectively, based on 1,000 permutations. Analyses of pairwise interactions among the loci of 109 microsatellite markers showed no interactions among the QTLs for body weight (data not shown).
The three QTLs mapped in the NSY mouse in the present study were similar in position to some of the QTLs for body weight and adiposity previously mapped in other crosses (ESM Table 2 ) [18] . Among these, the central portion of Chr7 is of particular interest in that QTLs associated with body weight and adiposity have previously been reported in this region in several studies using different mouse crosses [19] [20] [21] . (Fig. 3a) . Semiquantitative estimation by IPLab Spectrum demonstrated that the mean area of red spots in grade 1 was 0.21% (range, 0.02-0.44%) of the total area. Compared with these grade 1 livers, those classified as grade 2 had larger red spots ( livers had red vesicles that were larger (Fig. 3c ) than those in grade 2, and the mean area stained was 7.95% (range, 2.2-12.6%). In liver specimens classified as grade 4, the cytoplasm of hepatocytes was markedly occupied by fat deposits (Fig. 3d) whose area was 10.9% (range, 5.6-15.1%). Since these measurements of fat area were highly skewed, the log-transformed fraction of the area was investigated according to the macroscopic grade (Fig. 3e ).
There was a positive correlation (r=0.80) between the logtransformed stained area and macroscopic grade, indicating that macroscopic grade reflects the degree of fatty liver.
QTLs for fatty liver and its linkage with other phenotypes
Whole-genome screening of 306 F2 mice using the macroscopic grade of fatty liver identified highly significant linkage with fatty liver in a region on Chr6 near marker D6Mit54, with MLS of 10.0 (Fig. 4) , and the locus was designated Fl1n (fatty liver 1 in NSY). Permutation testing showed that the threshold LOD values for suggestive and significant QTL for fatty liver were 2.1 and 3.5, respectively, based on 1,000 permutations. Fl1n accounted for 14% of the phenotypic trait variance. The QTL curve for fatty liver overlapped with the previously identified QTLs for epididymal fat pad weight [16] . Significant interactions of Fl1n were detected with the loci on Chr1, Chr3, Chr16
and Chr17, but not with Bw1n and the loci for body weight described above (data not shown).
To clarify the effect of Fl1n on diabetes-related phenotypes, the macroscopic degree of fatty liver and epididymal fat pad weight were compared in 306 F2 mice relative to the genotype at Fl1n. F2 mice homozygous for the NSY allele at Fl1n marker D6Mit54 showed the greatest degree of fatty liver among the three different genotypes (Fig. 5a) , while those homozygous for the C3H allele displayed only a negligible degree of fatty liver. Mice heterozygous for the NSY and C3H alleles showed a significantly higher degree of fatty liver than C3H homozygotes, but a lower degree than did NSY homozygotes, suggesting a semidominant mode of inheritance of the NSY allele in its effect on fatty liver. For epididymal fat pad weight, in contrast, an opposite relation with these genotypes was observed (Fig. 5b) . F2 mice homozygous for the NSY allele showed significantly lower epididymal fat pad weight than did C3H homozygotes and heterozygotes. These data indicate that the effects of Fl1n on fatty liver and epididymal fat pad weight are in opposite directions, suggesting a role of Fl1n in the partitioning of fat mass, the NSY allele increasing fat in the liver and decreasing fat in the epididymal fat pad.
F2 mice homozygous for the NSY allele at the Fl1n marker locus D6Mit54 showed significantly higher plasma insulin levels than did those homozygous for the C3H allele (ESM Fig. 1a) , suggesting an effect of Fl1n not only on fatty liver but also on insulin resistance. Mice heterozygous for the NSY and C3H alleles also showed significantly higher levels of plasma insulin than did C3H homozygotes. No significant difference was observed in blood glucose levels among F2 mice with different genotypes at the Fl1n marker locus (ESM Fig. 1c) . Longitudinal effects of Bw1n and Fl1n on body weight No significant difference in body weight was observed in F2 mice with different genotypes at the Fl1n marker locus D6Mit54 at any age (Fig. 6a) , indicating that the effect of Fl1n on fatty liver is independent of obesity. In contrast, F2 mice homozygous for the NSY allele and heterozygous for the NSY and C3H alleles at the Bw1n marker locus D7Mit62 had a significantly greater body weight than mice homozygous for the C3H allele, from 8 to 52 weeks of age (Fig. 6b) . The data in Fig. 6 are in clear contrast to those in Fig. 1 . In contrast to the clear difference in body weight in F2 mice with and without fatty liver when grouped by phenotype (Fig. 1) , no difference in body weight was observed when they were grouped by genotype (Fig. 6a ) despite the clear difference in the degree of fatty liver (Fig. 5a ).
Pparg as a candidate for Fl1n The region on Chr6 where Fl1n was mapped was previously reported to be linked to diabetes-related phenotypes in other strains and this region contains several interesting candidate genes (ESM Table 3 ). Chromosomes homologous to the region of Fl1n include human Chr3, Chr7 and Chr12, and rat Chr4 and ChrX. Sequencing of Pparg as a candidate for Fl1n revealed 14 single-nucleotide polymorphisms; one insertion and one deletion were identified between NSY (Accession no. AB256529) and C3H (accession no. AB256530) mice ( Table 2 ). The nucleotide substitutions in the coding regions were all synonymous substitutions, and those in introns were not located at the exon-intron boundaries. When these variants were compared with reference sequences in C57BL/6 mice, the sequences in NSY were identical to those in C57BL/6 mice, whereas the sequences in C3H were different from those in C57BL/6 mice.
Discussion
In this study, F2 mice with fatty liver showed greater body weight, higher BMI and higher levels of blood glucose and plasma insulin than those without fatty liver. These data suggest a close association of fatty liver with obesity, hyperglycaemia and insulin resistance in NSY mice, as observed in humans with fatty liver.
We performed whole-genome mapping in F2 mice and identified a new susceptibility locus for fatty liver, Fl1n, on Chr6. The similar QTL curves for fatty liver and epididymal fat pad weight suggest that the effect of the QTL on the two phenotypes is genetically linked. In fact, significant differences in both fatty liver and epididymal fat pad weight were observed between F2 mice with different genotypes at the Fl1n locus (Fig. 5) . To our surprise, however, the effects of the NSY allele on fatty liver and epididymal fat were in opposite directions, in that the NSY allele increased fat accumulation in the liver but decreased fat mass in the epididymal fat pad. These data suggest that Longitudinal analysis of body weight showed that the Fl1n locus does not affect body weight at any age (Fig. 6a) , further indicating that the effect of Fl1n on fatty liver is independent of obesity. This is in clear contrast to the significant difference in body weight between F2 mice with and without fatty liver when grouped phenotypically (Fig. 1) . The plasma insulin level in F2 mice with the NSY allele at the Fl1n locus was significantly higher than that in mice without the NSY allele (ESM Fig. 1a) . In contrast, the Bw1n locus did not affect the plasma insulin level (ESM Fig. 1b) . These data indicate that the Fl1n locus is more closely related to insulin resistance than the Bw1n locus, suggesting a link between fatty liver and insulin resistance. This observation is also consistent with recent reports in humans showing that a relatively modest weight reduction leads to a marked reduction of intrahepatic lipid content, and improved insulin sensitivity and glucose metabolism [22, 23] .
Blood glucose levels were not significantly different among F2 mice with different genotypes at the Fl1n locus (ESM Fig. 1c) , suggesting that, despite its effect on insulin resistance, the Fl1n locus alone is not sufficient to cause hyperglycaemia. In our previous genome scan, suggestive evidence of linkage with hyperglycaemia was observed on the same chromosome (Chr6) as Fl1n, but the QTL curve for this locus was quite different from that for Fl1n, with peak linkage located around 61.4 cM more telomeric to the Fl1n locus [16] . This QTL and other QTLs on different chromosomes (Nidd1n and/or Nidd2n on Chr11 and Chr14 respectively) in addition to Fl1n may contribute to the conversion of fatty liver and insulin resistance to diabetes.
PPARγ has been reported to be related to the metabolic syndrome, fatty liver and type 2 diabetes in several studies [24, 25] . Overproduction of PPARγ2 in the liver has recently been reported to induce fatty liver while markedly decreasing epididymal fat [26] , making Pparg a good candidate gene for Fl1n. Sequencing of Pparg revealed several nucleotide substitutions between NSY and C3H mice. Further studies are needed to clarify whether some of the substitutions identified in the present study are functional and contribute to phenotypic differences between NSY and C3H mice.
Previous studies have demonstrated that genetic factors play a major role in the development of obesity [27] . We searched for loci linked to body weight and obesity and identified Bw1n on Chr7. Two QTLs on Chr10 and Chr15 also showed suggestive evidence of linkage with body weight. Candidate genes as well as the human orthologues of mouse Chr7, Chr10 and Chr15, where the QTLs for body weight were mapped, are shown in ESM Table 2 . Some loci were detected in the region related to obesity in studies in humans [18-20, 28, 29] .
Despite the close association of fatty liver with obesity in F2 mice as a phenotype, genetic control of fatty liver by Fl1n is independent of obesity, suggesting the possibility of distinguishing the impact of fatty liver on metabolic abnormalities from that of obesity by the use of this model. A definitive conclusion, however, on the relative degrees of importance of the effect of fatty liver and obesity on metabolic abnormalities will come from studies in congenic strains for Fl1n and Bw1n. Such congenic strains are now being established; this will facilitate the genetic dissection and elucidation of the molecular mechanisms of complex interactions among fatty liver, obesity, insulin resistance and type 2 diabetes. The data also suggest that homologous Table 2 Sequence analysis of Pparg regions in humans are strong candidates for genes predisposing to fatty liver and the associated metabolic syndrome.
